The selection of resistant genotypes is the most appropriate approach in the prevention of the reduction of biomass and mortality caused by rust infection in poplar plantations. Thus, it is pertinent that we improve our understanding of the consequences that this fungal disease has on leaf physiology. Here, we studied the susceptibility to Melampsora rust in three different poplar clones of commercial interest: Lux clone -Populus deltoides Batr. (cottonwood) and Luisa Avanzo and Adige clones -both Populus × canadensis Mönch. The most susceptible clone to the infection was L. Avanzo whereas Lux and especially Adige were only slightly affected. The propagation of the disease was very rapid in L. Avanzo; their leaves showed a high incidence and severity of the disease in early and advanced stages of infection as was clearly evidenced by the degree of infection. Infected leaves of L. Avanzo were shown to have drought impaired water relations during summer as reflected by the marked decline in the relative water content (RWC). Chlorophyll fluorescence imaging revealed heterogeneity of the effect of the pathogen in the leaves, and areas with pustules showed low maximum quantum yield (Fv/Fm) and PSII quantum yield (Φ PSII ) values, indicative of strong photoinhibition. In L. Avanzo, with a greater pustule density, rust provoked a decline in whole leaf photochemistry as indicated by Fv/Fm and photochemical reflectance index (PRI) results. Leaf structural parameters were not affected by the disease but results in L. Avanzo and Lux showed higher leaf mass per area (LMA) and higher leaf density (D) indicating an adaptation to increasing summer drought. In all clones, the effect of the pathogen was reflected in lower leaf chlorophyll content.
secondary line of defence, most cultivars have been exposed to the epidemic spread of newly emerged virulent strains of the fungus .
In order to prevent the harmful effects on plant productivity brought about by infection by Melampsora spp., the cultivation of hybrids for their resistance to pathogens and for their wood quality highly regarded by growers is a standard practice (Newcombe et al., 1996) . Lux clone -Populus deltoides Batr. (cottonwood) and Luisa Avanzo and Adige clones -both Populus × canadensis Mönch. were selected on the basis of their relevance as crops and because they respond differently to biotic and abiotic constraints. L. Avanzo and Adige are highly resistant to mosaic virus infections, whereas Lux is sensitive; the latter is tolerant to infection by the fungus Marsonnina brunnea, whereas Adige has a low tolerance and L. Avanzo is sensitive. L. Avanzo can withstand windy conditions, while Adige is less capable of doing so and Lux is sensitive to such conditions (Facciotto & Frison, 1999) .
The functional characteristics of leaves can be modified by environmental and biotic stresses (Niinemets, 2001) . Direct measurements of photosynthetic parameters and other aspects of primary metabolism have not yet been reported for poplars with pathogen infections (Major et al., 2010) . Foliar pathogens can reduce net CO 2 assimilation (Hajji et al., 2009 ) by affecting stomatal conductance (Pinkard & Mohammed, 2006) and chlorophyll decay (Holloway et al., 1992) . Furthermore, the effects of foliar pathogens on plant water relations and the consequences for the crop water-use efficiency (WUE) have recently been reviewed (Grimmer et al., 2012) .
The aim of this study was to determine the susceptibility to Melampsora infection in the selected poplar clones. The analysis of rust incidence (number of infected leaves per tree and number of infected trees per genotype) and severity (expressed as the degree of infection in an individual in function of the percentage of affected leaf area) allowed for the observation of the propagation of the disease in the different clones.
Another aim was to characterize the effect of the disease on physiological parameters related to photosynthetic processes and to leaf water relations in early and advanced stages of the infection during the summer. The use of chlorophyll fluorescence imaging and leaf reflectance indices allowed for a non-destructive evaluation. Chlorophyll fluorescence imaging has been used during biotic stress (Pineda et al., 2011) and provides information on electron transport characteristics both in whole leaves and in specific leaf areas affected by fungal infection.
Determination of the susceptibility to leaf rust and its effect on physiology can help to identify the most resistant clones to this infection and the most suitable ones for multiple ecological services.
Materials and Methods

Experimental Site and Plant Material
Poplar clones were selected from a collection of fifty clones established since 2001 in the IBAF-Institute experimental field near Rome in the Tevere valley. This area has an alluvial soil type. The climate is Mediterranean with cold winters, cool wet springs and autumns, and hot dry summers. The area registers a mean annual temperature of 13-14 ºC, and an annual rainfall of 500-700 mm. Three poplar clones from different genetic backgrounds were used: Lux clone -Populus deltoides Batr. (cottonwood), which was successfully introduced into Europe from North America; and Luisa Avanzo and Adige clones -both Populus × canadensis Mönch., a hybrid from Populus deltoides and Populus nigra. Populus nigra, is native European taxon. All clones were female. Each clone was represented by 10-30 individuals in single plots.
Sampling
Sampling for the purpose of physiological measurements was performed in mid-July (a period when the Melampsora spp. uredinia are produced on the Populus leaves) and mid-September (after the disease has been able to develop over the summer). Climatic parameters during the study are shown in Table 1 . June was relatively humid with elevated temperatures with respect to the period of sampling in July which was in contrast dry with even higher temperatures. Conditions in August were similar to those of July. In September, just before sampling, the temperatures decreased while precipitation increased markedly. All measurements were recorded on 3 randomly selected 8-years old individuals per clone in healthy leaves (control) and leaves that showed Melampsora sp. pustules (infected leaves). In both cases, leaves were fully expanded, South-oriented and collected at 2 to 4 m height from the base of the tree. Taking into account the different degrees of infection in each leaf throughout the whole plant, measurements on the infected leaves were recorded on those showing the average degree of severity of the measured clone. Total chlorophyll content and radiometric measurements were obtained at the IBAF-Institute experimental fields at 13.30 -16.30 h local time. Leaf structural, hydric and imaging fluorescence measurements were analysed in the IBAF laboratories. 
Incidence and Severity of Melampsora rust
We evaluated the incidence of the pathogen first on the basis of the percentage of individuals of each clone showing visual symptoms of the disease. Then the incidence in each individual was evaluated as a percentage of the number of infected leaves (presence of pustules). Fifteen leaves were selected at random in an individual and in total 3 individuals per clone were evaluated. Severity was considered as the degree of the infection in an individual. This parameter was determined in 3 plants per clone. For each individual, we examined a total of 24 leaves from different orientations and plant height to make sampling as representative as possible. Three leaves each were taken from 8 different points on the tree: facing North, South, East and West, and from the base of the tree (2 m from the soil surface) and from the top of the tree. The degree of severity in each leaf was established from the percentage of leaf area covered by Melampsora rust, as shown in Table 2 . For each clone, different severity degrees were established by calculating the percentage of leaves that exhibited each degree of severity in each individual. The different percentages of affected area correspond to a degree of severity.
Chlorophyll Fluorescence Imaging
Chlorophyll fluorescence was recorded with the pulse-amplitude-modulated chlorophyll fluorometer Imaging-PAM (MICRO-version (Walz, Effeltrich, Germany)) operated using the Imaging Win v.2.21d (Heinz Walz) software. Chlorophyll parameters were obtained for one squared image area of 26 x 34 mm 2 per leaf. After 40 minutes dark-adaptation, minimum (F o ) and maximum fluorescence (Fm), and maximum quantum yield of PSII photochemistry (F v /F m ) (equivalent to (F m -F o )/F m ) were obtained. Subsequently, the light-adapted components of chlorophyll fluorescence (minimum fluorescence yield (F' o ), maximum fluorescence yield (F' m ) and quantum yield of photosystem II (Φ PSII ; equivalent to (F' m -F)/F' m )) (Genty et al., 1989) were obtained after five minutes of light adaptation with an incident actinic light of 300 μmol m -2 s -1 (Pietrini et al., 2010) . Measurements were performed in 3 controls and in 3 infected leaves for 3 individuals of each clone. They were also performed on pustules and in non-affected areas of infected leaves. (Dijkstra, 1989 ).
Leaf reflectance Indices and Total Chlorophyll Content
Leaf reflectance was measured at midday in situ on 3 infected and 3 control South-oriented leaves for 3 individuals of each clone (the same plants for all analyses) with a portable spectral analysis system with artificial light (USB4000, Oceanoptics), operated with the Spectrasuite (Oceanoptics) software. One measurement was calculated as an integration of ten scans (integration time 50 ms). The photochemical reflectance index (PRI) and the water index (WI) were derived from the spectra. PRI was calculated as [(R 531 -R 570 )/(R 531 +R 570 )], where R n is the reflectance at n nm (Peñuelas et al., 1995) . WI was calculated as (R 900 /R 970 ), where reflectance at 970 nm is associated with water absorption, and 900 nm is a reference wavelength (Peñuelas et al., 1993) . For methodological reasons PRI and WI results obtained in July or September could not be compared (Peñuelas et al., 1995) . Total chlorophyll content was measured with a leaf chlorophyll meter (SPAD, Minolta, Osaka, Japan) on 8 infected and 8 control leaves of 3 plants per clone.
Statistical Analysis
All statistical procedures were performed using Statgraphics for Windows (Statgraphics v. 15.2.14, Statpoint Inc., Virginia, USA). Analysis of variance (ANOVA) was used to test the main effects against appropriate error terms between treatments (leaf types: control, infected), clones and time (July, September) on the measured parameters. A multiple comparison test of the means was carried out using the Tukey HSD post-hoc test. Statistical significance was set at p ≤ 0.05.
Results
Incidence and Severity of the Infection by Melampsora sp.
In L. Avanzo the incidence of the infection originated by Melampsora sp. expressed as a percentage of individuals showing symptoms of infection was approximately twice as much as in Lux and Adige individuals during July (Table 3) . In September, all individuals of L. Avanzo and Lux were infected while only 20% of the individuals of Adige showed symptoms. In July, the incidence of infection expressed as percentage of affected leaves was more than double in L. Avanzo that of Lux and Adige. In September, all leaves of L. Avanzo were infected; in Lux most leaves showed signs of the disease and in Adige only around a 16% of leaves showed symptoms. In July, 61% of L. Avanzo leaves were infected and presented a degree of severity between 2 and 3 while in September, 86% of leaves were infected and showed a degree of severity between 4 and 5 (Table 4 ). In July, 83% of Lux leaves were infected, which decreased to 68% in September. The degree of severity ranged from between 1 and 1.5. Most Adige leaves were infected during the study period with a degree of severity of 1. The degree of severity was determined for each clone in 3 plants and in 24 leaves (three leaves each facing North, South, East and West, and at two different heights: one at the base (2m from the soil surface) and the other at the top of the individuals). Values are mean ± SE.
Relative Water Content (RWC) and Water Index (WI)
No differences in RWC between the control and infected leaves were observed throughout the study except in the infected leaves of Lux, which showed a significant decrease in July (Figure 1 a, b) . In September, infected leaves of L. Avanzo and both kinds of leaf of Adige showed the lowest RWC values. The WI was highest for L. Avanzo in July especially in infected leaves (Figure 1 c) . In September, Adige and Lux showed the lowest values (Figure 1 
d). Methodological reasons did not permit the comparison between the WI results obtained in July and
September. 
Leaf Structural Parameters
Leaf area (LA) in Lux was higher than that of the other clones (Table 5 ) and no differences between the control and infected leaves were observed in any of the measurements. L. Avanzo showed the greatest reduction in LA throughout the summer. Control leaves of Lux showed the highest leaf mass per area (LMA) in July, and control leaves of L. Avanzo showed the lowest LMA. For each clone, no differences in LMA were observed between the control and infected leaves. Control leaves of Lux showed the highest leaf thickness (T) in July, followed by the control leaves of Adige and then by those of L. Avanzo. Infected leaves of Lux had a lower T than did the control leaves. In September, similar values were observed in the control leaves of all three clones, whereas infected leaves in Lux and Adige showed a higher T than those of L. Avanzo. In July, leaf density (D) was highest in Lux and lowest in L. Avanzo. For each clone, the control and infected leaves showed similar D values. Comparing September with July, increases in D were observed in both kinds of leaf except for infected leaves in Adige. 
Chlorophyll Fluorescence, Photochemical Reflectance Index (PRI) and Total Chlorophyll Content
In all studied clones, the chlorophyll fluorescence images obtained for Fv/Fm and Φ PSII (Figure 2) revealed lower values on the areas containing fungal pustules than in areas free of the pathogen fructification. Values obtained for Fv/Fm for each clone were between 0.75-0.85 (Figure 3 a, b) . In L. Avanzo, infected leaves showed a significant decline in Fv/Fm values from July to September with lower values than the control leaves, while Lux showed low values in September both in control and infected leaves. L. Avanzo showed the lowest PRI values in both July and September compared to the other clones, especially in the infected leaves (Figure 3c, d ).
Lux and Adige did not show differences between the control and infected leaves but showed lower values in September. In July, the total chlorophyll content of the infected leaves was lower than in the control leaves in L. Avanzo and Adige (Figure 3 e, f). L. Avanzo showed lower values than Lux and Adige. In September, Lux and L. Avanzo showed a decline in total chlorophyll content in infected leaves compared to the control leaves. In Adige, values were higher in comparison to those of L. Avanzo and Lux. 
Discussion
The evaluation of the effects of leaf rust on the physiological responses of poplar clones such as monitoring changes in the photochemistry processes and water relations affecting whole leaf photosynthesis can help to determine their potential in productivity programs (Widin & Schipper, 1980) .
In our study, we detected significant differences in the susceptibility to rust infection and its effect on the physiology of the selected clones during the development of their leaves.
Plants did not show signs of infection until July, thereafter L. Avanzo showed the highest level of incidence of Melampsora rust. In July, most of their individuals were infected and the percentage of affected leaves was more than double with respect to Lux and Adige. In July, the degree of severity in L. Avanzo was mild to moderate, while in September, this clone was severely affected. Other studies reported differences in the susceptibility to rust of L. Avanzo. Artificially inoculated leaf discs of two strains of M. larici-populina showed that this clone was highly resistant to the E1 strain and highly susceptible to E3 (Giorcelli et al., 1996) . Frey and Pinon (1997) also observed a wide range of reactions in L. Avanzo, ranging from susceptibility to resistance, depending on the isolate. Lux, a clone considered to be resistant to the E1 and E3 strains of M. larici-populina (Giorcelli et al., www.ccsenet.org/jps Journal of Plant Studies Vol. 3, No. 2; 1996) showed moderate susceptibility in this study. In July, 18% of leaves presented traces of the infection or were not infected. In September, the percentage of infection had increased to 73%, while the severity remained at the same degree. In contrast to Facciotto and Frison (1999) , Adige was the most resistant clone with a low incidence and degree of severity in July, and registering decreases in both parameters in September.
Productivity in fast growing species like poplars depends on water availability (Tschaplinski et al., 1994) . Relative water content (RWC) and water index (WI) determinations provided information about poplar water status. In L. Avanzo, the higher RWC and WI of infected leaves in July with respect to the infected leaves of the other clones would favour the proliferation of Melampsora sp. infection in its early stages since high humidity promotes rust spore germination (Agrios, 2005) , as reported for poplars (Coyle et al., 2006) . Most leaves, both healthy and infected, showed elevated RWC indicating a sustained capacity to retain water during the summer. However, in L. Avanzo, RWC declined below 80% in infected leaves at the end of the summer which could be related to a possible increase in respiration and a higher limitation in photosynthetic activity (González & González-Vilar, 2001 ). In Lux, infected leaves also showed lower RWC than control leaves in July but values did not fall markedly during summer drought. Foliar disease has been reported to impair stomatal closure in the dark and stomatal opening in the light thereby affecting plant CO 2 assimilation and the ability to conserve water (Grimmer et al., 2012) . In Adige, results for RWC and WI showed that both in July and September there was a higher susceptibility to water stress with respect to the other clones, however, no direct effects on these parameters as a result of infection were observed.
Leaf structural characteristics such as higher total and individual leaf area are related to higher productivity rates in several Populus clones (Marron, 2005) . The leaf mass per area (LMA) and their two components -density (D) and thickness (T) -have been used to indicate poplar response to water stress and photosynthetic capacity. An increase in D is associated with thicker cell walls while an increase in T accounts for additional mesophyll layers (Niinemets, 2001) . In spite of disease infection, no differences in D, LMA and LA were observed between control and infected clones. In September, increased sclerophylly (increases in D and LMA) and reductions in leaf transpiratory area (LA) (mainly in L. Avanzo) indicate that structural adaptations occur during summer drought.
Rust infection was not observed as having an effect on morphological parameters which contrasts with studies on defence mechanisms during pathogen infection in Populus spp. These report the strengthening of cell walls through lignin deposition (Duplessis et al., 2009 ) which would imply an increase in cell density (D). We only observed a decline in T in the early stages of Melampsora rust in Lux.
Chlorophyll fluorescence imaging provides a sensitive method for determining the impact of fungal pathogens on the photosynthetic metabolism of their hosts (Scholes & Rolfe, 2009 ). Our results showed differences between pustule (rust-affected) and nearby non-affected areas of infected leaves for each clone. The leaf zones where the fungus developed fructification had lower potential efficiency of PSII photochemistry (Fv/Fm) and PSII quantum yield (Φ PSII ). In fact, Fv/Fm values lower than 0.75 indicated a strong photoinhibition (Demmig-Adams & Adams, 1993) . The distribution of the mycelium of this pathogen is heterogeneous in leaves and as demonstrated by Alves et al. (2011) in eucalyptus infected by the rust fungus Puccinia psidii, photosynthesis was only reduced in diseased leaf area. The effect of infection on whole leaves depends on the ratio between infected and non-infected leaf areas. Highest pustule density was observed for L. Avanzo, followed by Lux and Adige. By September, when the disease had progressed strongly in L. Avanzo (all individuals and 100% of leaves were infected mostly with a high-severity degree of infection where leaf global Fv/Fm values were significantly lower than those of the other clones. Lux showed lower global Fv/Fm values in September but no effects from the infection. However, whole-leaf Fv/Fm values (between 0.75 and 0.85) in all cases indicate that the clones were not subjected to a strong photoinhibition as a result of infection. In fact, although it can limit carbon assimilation, this disease is seldom responsible for tree death (Feau et al., 2007) . The effect of the pathogen on L. Avanzo photochemistry was also apparent at high incident light intensities in the field (about 1100 μmol·m -2 ·s -1
